The amino acids alanine, valine, leucine, isoleucine, norvaline, a-amino butyric acid, and /3-methyl aspartic acid are utilized as substrates for organocobalamin syntheses under "oxidizing/reducing" conditions. In the presence of V+ 3 as the reducing agent, free radicals are generated by the reaction of oxygen radicals with the amino acids through hydrogen atom abstraction. These amino acid radicals then combine with the cobalt atom of vitamin Bi2r to yield the respective organocobalamins. The cobalamin obtained from the reaction of /S-methyl aspartic acid is a possible intermediate in the coenzyme B12 dependent skeletal rearrangement of /S-methyl aspartic acid to glutamic acid. HPLC analysis of the cobalamins prepared from D,L-alanine indicates that the corrin ligand is relatively ineffective at promoting asymmetric syntheses under these conditions.
Introduction
In papers 49-51 and 54 of this series we introduced a new and highly versatile synthesis of organocobalamins which employs "oxidizing-reducing" (O/R) conditions [5] [6] [7] [8] . In this method of synthesis, a wide variety of non-activated organic compounds, including alkanes, can be used as substrates. It is based on the ability of oxygen-centered radicals (such as the hydroxyl radical) to convert these substrates to organic radicals by hydrogen atom abstraction. The radicals thus generated are efficiently captured by vitamin Bi2r, yielding organocobalamins according to equation(l).
In the present paper, we describe the synthesis of a number of organocobalamins using free amino acids as the substrates. The purpose of our study was threefold. First, the use of amino acids as substrates appeared intriguing because they are generally difficult to functionalize at positions in their side chains, and because transition metal complexes of amino acids are invariably coordinated via nitrogen and/or oxygen, not carbon. Second, the presence of asymmetric centers provides a means of testing the ability of the corrin residue to promote stereoselective syntheses. Third, our interest in the mechanisms by which coenzyme B12 dependent enzymes catalyse skeletal rearrangement reactions necessitated the synthesis of an organocobalamin derived specifically from /3-methyl aspartic acid. The desired cobalamin can be conveniently synthesized by our method and will be described in the present paper.
Results and Discussion

Selection of amino acid substrates
The alpha amino acids from which stable organocobalamins can be obtained are those which contain at least one free methyl group, as shown in equation (2).
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x I ~ * I CH3 V /02 CH2 w Among these, best suited are those carrying unsubstituted aliphatic side chains. Accordingly, w r e have prepared organocobalamins from alanine, a-amino butyric acid, valine, norvaline, leucine, and isoleucine. ^-Methyl aspartic acid, which has both a methyl group and a carboxyl group in its side chain, has also been employed. This amine acid is a substrate in the coenzyme B12 dependent glutamate mutase enzyme [9] , which catalyses the rearrangement shown in equation (3) .
The racemic D,L-amino acids were generally used, although in one case to be outlined below, organocobalamins were also prepared from the D and L isomers individually.
Synthesis
Syntheses of organocobalamins from amino acids (henceforth named (amino acid)-cobalamins) [10] were carried out in aqueous solutions containing the amino acid in large excess relative to vitamin B12. Oxygen and V+ 3 were employed as the oxidant and reductant, respectively. The V+ 3 used must exceed the oxygen since it must both reduce the latter to oxygen radicals and maintain cobalt in the -f-2 state. Hydroxyl radicals thus generated abstract hydrogen from the amino acid substrate molecules.
Other means of abstracting hydrogen from amino acid residues involve the use of hydrogen peroxide and ultraviolet radiation [11] , and the action of hydroxyl radicals generated in gamma irradiated aqueous solutions [12] . However, techniques involving light or gamma radiation are not suitable for use in the synthesis of light sensitive organocobalamins. Nevertheless, these techniques have provided experimental confirmation for the abstraction of hydrogen from methyl groups of amino acids residues by hydroxyl radicals [12] .
Under O/R synthesis conditions, the amino acid radicals generated by hydrogen abstraction combine with vitamin Bi2r to yield the desired organocobalamins. Yields are best when the reactions are carried out in basic solutions, a result which most likely due to competition between abstraction of aliphatic hydrogen and degradation of the substrate by oxidative decarboxylation. These processes have been studied in detail in the synthesis of organocobalamins from carboxylic acids under O/R conditions, and oxidative decarboxylation occurs efficiently only in acidic solutions [5] . In neutral or basic solutions, abstraction of aliphatic hydrogen leads to high yields of the corresponding organocobalamins when vitamin Bi2r is present.
The yields of (amino acid)-cobalamins were essentially quantitive when the amino acid substrate contained a simple aliphatic side chain with two or more carbons (a-amino butyric acid, norvaline, valine, leucine, and isoleucine). Syntheses with alanine and ^-methyl aspartic acid, which both contain substituents in the /^-position, produced organocobalamins in 75-85% yields. Cobalamins were isolated from reaction solutions and purified as described in the Experimental section.
With the exception of alanine-cobalamin, these new compounds have become accessible only since the development of the O/R synthetic method. Conventional techniques require an electrophile (usually an organohalide) for reaction w T ith vitamin B12S, and presently, ß-chloroalanine is the only suitably halogenated amino acid which is commercially available.
Alanine-cobalamin prepared from alanine and vitamin BI2r under O/R synthesis conditions is identical in every respect to that prepared from /9-chloro-alanine and vitamin BI2S. ) and acidic solution ( ). The solutions were .05 mM in the organocobalamin, and the solvents were 0.1 M sodium phosphate buffers (pH 7 and pH 2). Other (amino acid)cobalamins have similar spectra; the band seen near 375 nm in the neutral solution spectrum of valine-cobalamin appears as a shoulder in some cases.
Properties
The presence of a Co-C bond in these new compounds is apparent from their visible spectra and photolytic behaviour. Their spectra are all similar, and those of valine-cobalamin are shown in Fig. 1 as representative examples. The bands observed and the spectral shift seen upon acidification of neutral solutions are typical of primary organocobalamins. Exposure of aerobic solutions to white light results in the rapid formation of vitamin Bi2a.
The structure of the (amino acid)-cobalamins may be anticipated from the fact that they must be primary. Secondary organocobalamins are too unstable to be isolated by the procedures employed here [13] . Ambiguity exists only in the case of isoleucine-cobalamin, which could be attached to cobalt via either of the two non-identical methyl groups present in isoleucine. This results in structural isomers 1 and 2 shown below.
In all probability, both of these isomers are formed in synthesis reactions with isoleucine, but were not separable by the chromatographic methods used for purification.
The presence of intact amino acid residues coordinated to cobalt was confirmed by dissolving isolated solid (amino acid)-cobalamins in water containing 10% isopropanol (a hydrogen atom donor) and photolysing them under anaerobic conditions. Photolysis results in homolysis of the Co-C bond and the resulting organic radicals can abstract hydrogen from isopropanol [14] . Samples of the photolysis solutions were then analysed by TLC for the amino acid which had been used to form the Co-C bond. In all cases, analysis showed a single ninhydrin-positive spot, which migrated and comigrated with the same Rf value as the amino acid from which the organocobalamin was made.
As a control, a synthesis reaction with valine was set up but no V +3 was added. The vitamin Bi2a was then recovered by the same procedures used to isolate (amino acid)-cobalamins from complete synthesis reactions. The final precipitate of vitamin Bi2a was dissolved in water and analysed for valine by TLC; no valine was detectable. This demonstrates that the amino acids detected after photolysis of (amino acid)cobalamins must have been bound to cobalt, since free amino acids are completely removed by the procedures used to isolate cobalamins.
All the (amino acid)-cobalamins can be stored as solids at 8 °C for weeks with little or no decomposition. They are also quite stable in aqueous solution. In neutral aerobic solution at room temperature, no decomposition is detectable in the visible spectrum after one hour. Similarly, little or no decomposition occurs in aerobic 1 N HCl over the course of one hour at room temperature.
The stability of (/5-methyl aspartic acid)-cobalamin was examined over longer periods of time since this cobalamin could be an intermediate in the coenzyme B12 dependent rearrangement of/S-methyl aspartic acid to glutamic acid (see equation (3)). After twenty four hours in neutral solution at 27.5 °C, the spectrum of this cobalamin is unchanged. After the same time (and temperature) in 1 N HCl, a small degree of decomposition is observable (as evidenced by the appearance of vitamin Bi2a in the spectrum). Nevertheless, the extent of decomposition is still less than 5%. The stability of this compound suggests that the rearrangement of /S-methyl aspartic acid requires further activation of the substrate or of organocobalamin intermediates.
Valine-cobalamin was examined as an inhibitor of the coenzyme Bi2-dependent ribonucleotide reductase from L. leichmannii. The degree of inhibition observed was small and comparable to that caused by cyanocobalamin.
Stereoselectivity in the synthesis of (D,L-alanine)• cobalamin
D,L-Alanine was chosen as a substrate to investigate the ability of the corrin ring to select between enantiomers in the formation of the Co-C bond. Alanine was considered to be the best choice for these experiments because only two stereoisomers are formed. They are (D-alanine)-cobalamin and (L-alanine)-cobalamin. Since these are diastereomeric, they should be separable by a technique with high resolution, such as high-performance liquid chromatography (HPLC). Furthermore, samples of each individual stereoisomer can easily be prepared for comparison. By contrast, an amino acid like D,L-valine would create a more complex set of stereoisomers; in addition to the original as} T metric center in the amino acid, a new asymetric center is created when the Co-C bond is formed. Analysis of the resulting mixture of stereoisomers would be difficult, since each possible isomer cannot be synthesized separately and such a mixture might exceed the resolving power of the analytical method.
HPLC analysis of (D-alanine)-cobalamin revealed a single sharp peak which was not present in the same sample after photolysis, as well as some unalkylated cobalamin. (L-alanine)-cobalamin gave similar results, but the sharp photolabile peak occured at a slightly longer retention time. Analysis of (D,L-alanine)-cobalamin revealed two sharp photolabile peaks, with retention times corresponding to those of (D-alanine)-cobalamin and (L-alanine)-cobalamin. The peaks were not of equal height, and measurements indicated a mixture consisting of 56% of the D-isomer and 44% of the L-isomer. Thus, the corrin ring appears to be capable of stereoselectivity, but the effect is small in this case. The observation of separable diastereomers when D,L-alanine is used as a substrate provides further confirmation that the synthetic reaction yields products in accordance with equation (2).
Summary
The results of this paper and previous papers in the series [5] [6] [7] [8] demonstrate the utility of the O/R method of synthesis, and show that vitamin Bi2r reacts with carbon centered radicals in a predictable fashion to yield organocobalamins. (Amino acid)-cobalamins may be intermediates in rearrangements catalysed by glutamate mutase and various amino mutase enzymes [15] , which require coenzyme B12 as a cofactor. The preparation of (^-methyl aspartic acid)-cobalamin provides a starting point for investigating aspects of the mechanism of the glutamate mutase reaction.
Experimental
Materials
Hydroxocobalamin was obtained from Merck, Sharp, and Dohme Research Laboratories, Railway, N.J. Anhydrous VCI3 was purchased from Organic/ Inorganic Chemical Corp., and used as received. Amino acids were commercial products available from various sources and were used without further purification.
Methods and instrumentation
All alkylcobalamins were handled in dim light, or in aluminum foil wrapped glassware. Optical absorption spectra were recorded on a Beckman DK-2A recording spectrophotometer equipped with a temperature regulated cell block. Photolyses were carried out 10 cm from a 250 Watt tungsten lamp with air stream cooling.
Stock solutions
A stock solution of VCI3 was prepared by dissolving 1.88 g of anhydrous VCI3 in 30 ml of deaerated 1 N HCl. A stock solution of vitamin Bi2a was prepared by dissolving 0.163 g of crystalline hydroxocobalamin in 20 ml of deaerated water. All stock solutions were stored under argon in serum vials capped with silicone septa to allow sample withdrawal by means of syringes.
Preparation of (amino acid)-cobalamins
Syntheses were carried out in 38 m serum vials equipped with magnetic stirring bars. In a typical reaction, 10 mg of the amino acid substrate are weighed into the vial. Then 2 ml of water and 0.5 ml of citamin Bi2a solution are added. The bottle is flushed with argon for fifteen minutes, 1.5 ml of deaerated 10% NaOH are added, followed by 0.8 ml of VCI3 solution. After about five minutes, the reaction is initiated by the addition of 2 ml of oxygen, and it is stirred vigorously for 20-30 minutes. To isolate the product, the bottle is opened and acidified with 1 N HCl. This solution is then extracted with phenol/dichloromethane to obtain the cobalamins. The extract is washed once with water, separated, and added to 35 ml of ether. The cobalamins precipitate and are collected by centrifugation. The precipitate is dissolved in 0.5 ml of methanol, reprecipitated with ether, and collected again. This is repeated twice, and the final precipitate is dried under a stream of dry argon. Yields were determined from the optical absorption spectra of a neutral solution of the precipitate before and after photolysis. Rhe O/R reaction can be scaled up, as has been described in reference [5] .
Further purification, when necessary, can be accomplished by TLC or column chromatography. TLC on cellulose (0.1 mm, E. Merck) developed with w-BuOH-EtOH-HaO 10:3:7 results in two spots, one of which is vitamin Bi2a and the other is the organocobalamin. Alternatively, the organocobalamin can be separated from vitamin Bi2a by running the sample down a CM-cellulose column (1.9 X 20 cm) with 10 mM pH 7 sodium phosphate, buffer.
